[1] Volcano-tectonic earthquakes are common seismic events in active volcanic areas. The stress produced by volcanic processes is released through fracturing of the shallow crust. Very often, these earthquakes occur in multiplets with similar waveforms, a fact which indicates common source characteristics. In this work, we introduce a method that uses array techniques to calculate precise relative locations of earthquake multiplets. We use the relative slowness estimate method to determine accurately the apparent slownesses and propagation azimuths of the earthquakes relative to a selected master event.
Introduction
[2] The main objective of volcano seismology is to improve our knowledge of active volcanic systems through the analysis of the seismic signals that they generate. These signals contain information about many aspects of the volcano, for example parameters of the seismovolcanic source (position, geometry, dynamics, energy, spatiotemporal evolution, etc) and characteristics of the medium (velocity structure, attenuation, spatial distribution of heterogeneities, etc). Pure volcanic events such as volcanic tremors and longperiod (LP) events provide insights into the mechanisms and dynamics of fluid transport within the volcanic system. In addition, volcano-tectonic (VT) events offer us an insight into the dynamics and geometry of brittle fractures in the medium, and thus constitute a powerful means of investigating the local state of stress produced by volcano dynamics [e.g., Chouet, 1996] .
[3] Several tools can be used to achieve this objective. In volcanic regions the use of seismic arrays is very common as a complement to conventional seismic networks. The advantage of array techniques is that they provide a spacetime sampling of seismic waves as they propagate across the array. These instruments are designed to estimate the apparent slowness vector, whose magnitude represents the inverse of the apparent velocity of the waves and whose direction indicates their propagation azimuth. Arrays allow us to analyze signals characterized by the absence of clear seismic phases, such as volcanic tremors, LP events, earthquake codas, and even seismic noise. They also allow us to analyze low-magnitude VT earthquakes that cannot be recorded properly at distances of more than a few km. These tasks would be difficult using seismic networks, although new methodologies based on seismic amplitudes have recently been developed and applied to source location of LP seismicity [e.g., Battaglia et al., 2005] .
[4] Array techniques have been used to locate seismic events, investigate the temporal evolution of the source, analyze the characteristics of seismic noise, and study the details of the local structure. They have been applied at volcanoes such as Stromboli [Chouet et al., 1997; La Rocca et al., 2004] , Etna , Vesuvius [Saccorotti et al., 2001b] , Teide Almendros et al., 2000 Almendros et al., , 2007 , Masaya [Métaxian et al., 1997] , Arenal [Métaxian et al., 2002; Mora et al., 2006] , Kilauea [Almendros et al., , 2001b , Copahue [Ibáñez et al., 2008] , and Colima [Palo et al., 2009] . The use of array techniques to obtain spatial locations is based on three different approaches: circular wavefronts; ray tracing; and joint location with various arrays. The first method is based on the estimate of the radius of curvature of the wavefront, and implicitly assumes nearby sources [Almendros et al., 1999] . The second uses ray tracing in a predefined Earth model. In addition to the information on the apparent slowness vector provided by the array, we need to know the arrival times of P and S phases to determine the distance along the seismic ray. This requirement means that the technique can only be applied to earthquakes with clear phases [e.g., Del Pezzo et al., 1997; Almendros et al., 2000 Almendros et al., , 2007 Saccorotti et al., 2001b] . Finally, the third method is based on the use of several arrays. The apparent slowness vectors obtained from each array are combined to determine the spatial position of the source. This method is powerful and flexible, and can be applied to any type of earthquake, including pure volcanic signals [Almendros et al., , 2001b La Rocca et al., 2000 , 2008 Métaxian et al., 2002] .
[5] In any case, the source locations obtained with either seismic arrays or seismic networks are associated with a degree of uncertainty caused by various factors, some of which are related to the methodology selected. For example, for array analyses there is an error introduced by the approximation of the signals to plane wavefronts, the configuration of stations in the array, the slowness grid size and spacing, etc. For seismic networks, there are errors related to the phase picking, position of the stations, etc. On top of that, in both cases we find the effect of natural factors such as the heterogeneities of the velocity structure (that produce path and site effects), and the presence of seismic noise. The uncertainty intervals are relatively large, which produces generally low-accuracy hypocentral locations.
[6] However, there are methods that in some cases allow us to obtain accurate locations. An example is the relative location of similar earthquakes. This method relies on the observation that seismic series contain earthquakes with very similar waveforms. This similarity is due to the fact that the earthquakes originate along the same fault plane and therefore share similar source mechanisms and hypocenter locations [Tsujiura, 1983; Geller and Mueller, 1980] . If these conditions were not met, we would see waveform differences due to the different mechanisms and locations (different P and S waveforms and travel times, distinct path effects, etc). Comparison of the seismograms produces the grouping of earthquakes into clusters characterized by high waveform similarity. Within each cluster, we can take advantage of this similarity to refine the phase picks and perform precise relative locations [Poupinet et al., 1984; Maurer and Deichmann, 1995] .
[7] Relative locations using network data have been obtained in tectonic and volcanic regions. In tectonic areas this technique is mainly used to gather information about the plane of rupture when focal mechanisms cannot be calculated, e.g., for the analysis of series of microearthquakes [Deichmann and García-Fernández, 1992; Stich et al., 2001; Saccorotti et al., 2002; Scarfi et al., 2003; Massa et al., 2006; Ruiz et al., 2006; Ocaña et al., 2008; Carmona et al., 2009] . Recently, relative locations have been used for the study of nonvolcanic tremors [Shelly et al., 2009] . In volcanic regions, absolute locations of VT earthquakes are particularly complicated because of the heterogeneity of the environment, the low magnitude of the events, the difficulty of establishing seismic networks with good coverage, etc. The relative location technique provides detailed information on the distribution of hypocenters of VT earthquakes. This enables us to define the extent and the geometry of active magmatic systems [Frémont and Malone, 1987; Gillard et al., 1996; Jones et al., 2001; Musumeci et al., 2002; Alparone and Gambino, 2003; Brancato and Gresta, 2003; Battaglia et al., 2004; Hensch et al., 2008] . It has also been applied to the analysis of temporal changes that occur in volcanoes as a result of internal dynamics and movements of magma [Ratdomopurbo and Poupinet, 1995; Snieder and Hagerty, 2004; Pandolfi et al., 2006; Carmona et al., 2007; Martini et al., 2009] .
[8] In this paper, we combine relative locations and array techniques. We develop a method based on the work of Almendros et al. [2004] that allows for the precise relative locations of microearthquakes recorded by a seismic array. The use of arrays ensures that we could apply the method even to earthquakes that are too small to be analyzed with conventional networks. We analyze a series of VT earthquakes that occurred in Deception Island, Antarctica, in 1999 [Ibáñez et al., 2003b] . We compare the waveforms to select clusters of similar earthquakes. We obtain accurate estimates of the relative apparent slowness vectors and S-P delays and spatially locate the earthquake sources. The observed distributions of hypocenters fit to a plane, which we interpret as the rupture plane responsible for the generation of earthquakes. To check the robustness of the method, we perform a series of tests to confirm its validity for finding rupture planes with array techniques. Finally, we discuss the results in the regional tectonic and volcanic environment of Deception Island.
Tectonic Setting
[9] Deception Island is one of the South Shetland Islands, lying 62°43′S and 60°57′W off the Antarctic Peninsula. Its regional tectonic framework is quite complex due both to its position in the Bransfield Strait, between the Antarctic Peninsula and the South Shetland Islands, and to the converging of several tectonic plates [Pelayo and Wiens, 1989; Baraldo and Rinaldi, 2000; Robertson Maurice et al., 2003] . These tectonic plates are represented by two major plates, the South American Plate and the Antarctic Plate, and three microplates, the Scotia, the Drake and the South Shetland (Figure 1) .
[10] The South Shetland Islands trench is attributed to a slow slab rollback subduction process Robertson Maurice et al., 2003 ] which led to the breakup and separation of the South Shetlands microplate from the Antarctic Peninsula, 2 Myr ago, creating the well-known Bransfield Rift. In addition to normal faults, this rift also has three active extensional NE trending basins and is related to the volcanic activity in the area. The shallow regional seismicity (above 40 km) is consistent with the extension of the rift, while the deepest seismicity is consistent with the subduction of the Drake plate [Pelayo and Wiens, 1989; Ibáñez et al., 1997; Robertson Maurice et al., 2003] .
[11] Deception Island is located on the extension axis of the Central Bransfield Basin and is probably one of the most active volcanoes in Antarctica. Several volcanic eruptions have been reported in 1842 , 1912 , 1917 , and more recently in 1967 , 1969 and 1970 [e.g., Smellie, 1988 . The island has a horseshoe shape with a flooded caldera and its emerged area is about 15 km in diameter. The origin of this peculiar morphology has several possible explanations. It may have been produced by the collapse of a large caldera due to powerful eruptions, which filled up and produced a ringshaped fracture system [González-Ferrán and Katsui, 1970; Baker et al., 1975] . Another possible explanation could be that the caldera was formed by a depression caused by extensive tectonic movements along normal faults governed by a regional extensional trend, so ruling out previous findings as to the presence of circular faults [Martí et al., 1996; Rey et al., 1995; González-Casado et al., 1999] . Moreover, tomographic models for the region image a highvelocity structure NW of Deception Island. This structure extends NE-SW parallel to the axis of the Bransfield Rift. It has been interpreted as the basement of the South Shetland Islands , which supports the importance of the regional tectonics in the origin and evolution of Deception Island.
[12] Three major fault systems were identified in this zone from field observations and seismic reflection data [Rey et al., 1995; Martí et al., 1996] . The first major system is consistent with the extensional tectonic regime of the Bransfield Strait, with a NE-SW direction. These alignments are consistent with the eruptions of 1967 and 1970. The second system presents an approximately EW direction and coincides with various different alignments including the alignments of Mt. Kirkwood, the phreatomagmatic eruptions produced by these fissures and the alignments of submarine cones inside the caldera. The third system is NNW-SSE oriented and its main evidence is in the Costa Recta alignment [Fernández-Ibáñez et al., 2005] . Other alignments can be observed in the Mt. Pond system faults, in the subparallel faults present throughout the Fumarole Bay and the Black Glacier, and in the eruptive fissures of 1969. In addition, geological surface observations, geophysical data, bathymetric information, digital elevation models, morphological evidence of volcanic recent activity, etc, show the presence of a wide variety of fault systems and evidence the complexity of Deception Island [Martí et al., 1996; González-Casado et al., 1999; Paredes et al., 2006; Maestro et al., 2007; Barclay et al., 2009] .
Seismicity of Deception Island
[13] In recent years Deception Island has been monitored from the perspective of several different geophysical disciplines (seismology, geochemistry, geodesy, gravimetry) in Austral summer surveys. The recent eruptions, the presence of two Antarctic bases, and the massive arrival of tourism, underline the importance of detailed studies and monitoring of its seismovolcanic activity.
[14] Systematic monitoring of seismic activity in the island began in the 1950s. This first stage ended in the late 60s, when the most recent eruptions occurred. There is written evidence to the effect that there was a considerable increase in seismic activity in the area just before the eruptions [Valenzuela et al., 1968] . After the 1970 eruption, Deception Island was not monitored again until the Austral summer of 1987. Since then, local volcano-tectonic earthquakes and even some tremor episodes have been recorded. These records, obtained by vertical component seismometers, enabled the first seismic studies of the island to be carried out [Vila et al., 1992 [Vila et al., , 1995 . In the 1991-1992 survey a considerable increase in activity was noted . Between 1994 and 1999 several seismic arrays were deployed in order to locate LP events and volcanic tremors [Almendros et al., , 1999 Ibáñez et al., 2000] . Since 1998, a variety of seismic instruments have been used, including seismic arrays, short-period stations and broadband stations. The monitoring of activity has usually been carried out during Austral summers. A permanent broadband station that allows researchers to obtain a continuous record was only deployed in January 2008 [Martínez-Arévalo et al., 2009] .
[15] Since the start of the monitoring surveys in Deception Island, the level of seismic activity has been variable. Periods of very low activity were often followed by others of substantially higher activity. Two maxima (in [see Ibáñez et al., 2003a ) were considered of sufficient importance to be classified as seismic series. Some characteristics of these two series were similar (i.e., magnitude distribution, felt earthquakes). Until 1992 LP events predominated over VT earthquakes. In the 1992 series 766 VT earthquakes occurred during a 2 month period, including some felt events . After this VT series the LP events started predominating over the VTs again. Between 1993 and 1998 seismic activity returned to its normal parameters, with variable activity levels [Ibáñez et al., 2003a] . The second remarkable reactivation chapter took place during the 1998-1999 survey, when a total of 3643 events were recorded. In both episodes the considerable increase in activity was probably due to a magmatic intrusion that did not reach the surface, causing local tectonic destabilization Ibáñez et al., 2003a] . In the next survey (1999) (2000) several dozen VT events were registered, some of which were located in the same epicentral area as the January-February 1999 earthquakes. These events might correspond to the activation of the same fracture systems and could be related to the destabilization caused by the magmatic intrusion that produced the series. Some VT earthquakes, LP events, and volcanic tremor episodes occurred in the other annual surveys until February 2009, although the level of activity has been in general much lower.
Instruments
[16] During the 1998-1999 Antarctic survey two seismic arrays were deployed, each of which was composed by two 8-channel, 16-bit data acquisition modules. Every acquisition module was controlled by a notebook PC through its parallel port. Synchronization and management of time, one of the key factors in a seismic array system, was based on GPS receivers, in which the configuration and control was managed through the PC's serial port in RS-232 format. A sampling rate of 200 samples per second was used. Data were recorded in hard disks by the data acquisition systems, using a STA/LTA trigger algorithm. All the stations were equipped with 4.5 Hz Mark L28 sensors, whose response was extended electronically to 1 Hz. The first seismic array, located in the Obsidianas Beach, was composed of 1 threecomponent and 13 vertical component stations. The second seismic array, located in Fumarole Bay, was composed of 7 vertical Mark L28 sensors (also extended to 1 Hz) and 3 three-component stations with 1 Hz Mark L4C sensors. Two continuous recording stations were also deployed, equipped with three-component Mark L4C seismometers controlled by a 16 bit data acquisition system. They were located in the vicinity of the Spanish Base and in the northern Fumarole Bay area.
[17] The spatial distribution of the sensors in the array systems was originally conceived with two goals in mind. First, we sought to compare the seismic activity in both areas; and second we wanted to determine the source position by applying a joint location technique Almendros et al., 2000] . In the end, this second objective proved unfeasible, due to the great difference in the shallow velocity structure under both arrays, which seriously affected the estimates of the slowness vector [Saccorotti et al., 2001b] . Taking into account the extremely complex lateral structure beneath the Obsidianas array [Saccorotti et al., 2001a ; F. Luzón et al., Shallow structure of Deception Island volcano, Antarctica, using the two station spatial autocorrelation method on a dense set of seismic arrays, submitted to Geophysical Journal International, 2009], and following Ibáñez et al. [2003b] , we decided to consider only data recorded in the Fumarole array. This seismic array was deployed in the neighborhood of the fumarolic system of Fumarole Bay, 500 m N-NE from the Argentinean Base. Its shape was approximately a double concentric semicircle, with radii of 60 m and 120 m, thus giving a total aperture of 240 m. The angular separation between stations was approximately 45°in the inner semicircle and 60°in the outer one (see Figure 2 ).
The 1999 Seismic Series
[18] The 1999 seismic series at Deception Island volcano began in late December 1998. The arrays were recording from the beginning of the series until the end of February 1999. At that point we had to remove the arrays, although other instruments continued recording until April 1999, when the onset of winter prevented us from obtaining more data and finding out exactly when the series really ended [Ibáñez et al., 2003b] . The Fumarole array recorded a total of 3643 events of which 2072 were VT earthquakes; 1556 events were LP events; and 15 were hybrids. There were also a few episodes of volcanic tremor. The moment magnitude of the VT earthquakes ranged between −0.8 and 3.4. The largest earthquakes in this series, with magnitudes of 2.8 and 3.4, occurred on 11 and 20 January 1999, respectively, and were felt by the staff at the "Gabriel de Castilla" Antarctic Station. With the exception of these two large earthquakes, the magnitude distribution and seismic energy release as a function of time is approximately constant throughout the series. The series was characterized by low stress drop values between 0.1 and 4 bar [Havskov et al., 2003] . Source sizes were estimated to be in the order of 10-100 m [Ibáñez et al., 2003b] . These results indicate that the fractures involved in the process of generating the series were probably quite small.
[19] Ibáñez et al. [2003b] calculated source locations for 863 VT earthquakes. They used the zero-lag cross-correlation (ZLCC) technique [Frankel et al., 1991; Del Pezzo et al., 1997] to estimate the slowness vectors of the P wave arrivals at three frequency bands. The S-P differences were estimated visually. Subsequently, they obtained the hypocenters using ray tracing. The velocity model was a combination of models used by previous authors Saccorotti et al., 2001a] . Locations show that the majority of these VT events were located very close to the array site and at depths of around 2 km. Two alignments can be inferred, one at a direction of N45°E, with focal depths of between 1 and 4 km and a second, more dispersed alignment, which extends N80°E (Figure 2 ). Ibáñez et al.
[2003b] also analyzed LP events and volcanic tremor episodes, obtaining azimuth and slowness values quite different from those obtained for the VTs. These results indicate that the 1999 LP seismicity is unrelated to the VT series, and agree with previous research in different surveys [Almendros et al., , 1999 Ibáñez et al., 2000] suggesting that the LP seismicity has a hydrothermal origin. We analyzed 9 hybrid events and obtained similar results to those obtained for VT events, which indicates the presence of fluids in the VT source area.
[20] Our work is based on the set of VT earthquakes recorded in the Fumaroles array and located by Ibáñez et al. [2003b] . These locations allowed the authors to carry out a preliminary analysis of the series. However, the uncertainties of the locations are too large to obtain the planes associated with the earthquake generation processes; hence the need for a method of relative location to calculate the hypocenters with greater precision using array techniques.
Search for Clusters
[21] The first step in a precise relative location is to try to detect clusters of earthquakes with similar waveforms. We selected the central station of the Fumarole array (Figure 2 ) to search for these clusters. Figure 3 shows an example of three-component seismogram for a sample VT earthquake. Traces were band-pass filtered between 4 and 15 Hz using a zero-phase, three-pole Butterworth filter. For each trace we selected a window of 120 samples (0.6 s), starting 0.1 s before the arrival times picked for the P and S waves. The initial and final 10% of the window were smoothed using a cosine window. We calculated the cross correlations for the P wave (vertical component) and for the S wave (N-S component) of the 863 located earthquakes. The result was a correlation matrix for the P wave and another for the S wave of all the events located in the series. With the two crosscorrelation matrices, we performed a cluster search using the equivalence class technique [Press et al., 1989; Aster and Scott, 1993] . We used three parameters to define events with a similar waveform: A first threshold for the cross correlation of the S wave, a second threshold for the cross correlation of the P wave, and a third threshold that refers to the standard scalar product of the corresponding rows of the correlation matrix of the S wave. This last threshold was used to ensure that each event had similar correlations within the same family, thus rejecting accidental cases [Maurer and Deichmann, 1995] . The thresholds used in our work were 0.9 for the correlation of S wave, 0.9 for the P wave and 0.5 for the scalar product of the S wave. These correlation thresholds are quite high, which ensures a very good similarity in the waveforms. A total of 48 clusters were found, including 19 doublets, 9 triplets, and 20 multiplets with four or more events. The temporal distribution of these clusters (Figure 4) shows that they were spread over time, that is, the earthquakes within the clusters occur along the whole recording period. It can also be seen that there was no time gap in the occurrence of clusters. In total, 225 events were grouped, which represents 26% of the total number of volcano-tectonic events located in the series. This percentage is fairly representative of the series given the low magnitude of the events. The vast majority are in a magnitude range of 0-1 M w . The clusters present very different waveforms ( Figure 5 ), which suggests a diversity of source mechanisms.
Precise Relative Locations
[22] The occurrence of earthquakes with similar waveforms (multiplets) requires similar source and path effects. Therefore multiplet earthquakes must share similar source locations and mechanisms. Under this assumption, the main differences observed within a multiplet are just phase delays due to the slightly different lengths of the raypaths. These ideas constitute the basis of the master event relative location method.
[23] In our case, the earthquakes were recorded by a seismic array instead of a distributed network. Techniques based on differences of travel times cannot be applied. A seismic array is a tool to estimate the apparent slowness vectors, and thus apparent slowness and azimuth are the parameters that should be used.
[24] Almendros et al. [2004] introduced a technique that combines relative location and array analysis. Their relative slowness estimate (RelSE) method compares the waveforms of similar earthquakes recorded by a seismic array to estimate precisely the differences of apparent slowness and propagation azimuth of wavefronts corresponding to the same phase. This information can be used to produce accurate source locations, as will be shown below.
[25] Among the set of VT clusters found in the 1999 seismic series at Deception Island volcano, we selected 17 clusters with five or more members. For each cluster, we chose the event with the best signal-to-noise ratio as the master event.
Initial Source Relocations
[26] The preliminary location performed by Ibáñez et al. [2003b] was based on a systematic application of the ZLCC method. They used different filters, analysis windows of 60-80 samples, an overlapping of 50% of the window length, and extended the analysis to the full seismogram from the preevent noise to the coda. This procedure ensures the fast and automated estimate of a consistent solution, within the uncertainty range, for the apparent slowness vector of the P wave of each VT earthquake.
[27] However, Ibáñez et al. [2003b] do not examine whether theirs is the best possible estimate. In fact, we observed that the results of Ibáñez et al. [2003b] for the VT clusters displayed a relatively large dispersion, even though the waveforms within each cluster were similar. For this reason, we started our analysis by reestimating the apparent slowness vectors using the ZLCC method. We fine-tuned the parameters to ensure that the estimates were made using exactly the same segments of seismogram around the P wave arrivals. We selected a filter in the 4-12 Hz band and a window length of 40 samples; increased the overlapping of successive windows to 95% of their length; and reduced the apparent slowness grid interval to 0.01 s/km. We also made a new picking of the P and S wave arrivals to estimate the S-P delay.
[28] With the results of this procedure, we calculated hypocenter locations using ray tracing. The model selected to represent the medium is similar to that used by Ibáñez et al. [2003b] . It is a combination of 1-D Earth models used in previous works. The base was the model described by Ibáñez et al. [2000] for the whole island. This was merged with the model calculated by Saccorotti et al. [2001a] for the shallow layers of Fumarole Bay. We used a Poisson ratio of 0.25 (which implies a Vp/Vs ratio of 1.73). To smooth the model and avoid discontinuities and critical reflections, we calculated an exponential fit of the form v(z) = A -B*exp(-z/C), where z is the depth, and A, B, and C are constants. The values obtained for these constants are A = 6 km/s, B = 5.1 km/s, and C = 2.5 km.
[29] Figure 6a shows the epicentral distribution of the master events. The remaining members of the multiplets are located near their master, and have not been plotted so as to ensure greater clarity. We can see two alignments of hypocenters at 35°and 70°N. These trends coincide approximately with the alignments at 45°and 80°N found in the preliminary analysis of the series [Ibáñez et al., 2003b] . The coincidence suggests that the clusters are a good representation of the whole series. We estimated the location error quantitatively using (1) the size of the region corresponding to an uncertainty of 90% for each estimate of the apparent slowness vector with the ZLCC method and (2) the uncertainty associated with the determination of the S-P delays. These parameters provide spatial uncertainty intervals of around 0.5 km in horizontal and 1 km in vertical for most of the master events. These errors are similar to those estimated by Ibáñez et al. [2003b] . Figure 6b shows the horizontal projections of the error regions for the master events of the clusters with five or more elements.
Application of the RelSE Method
[30] Once we had identified and relocated the VT earthquake clusters, we applied the RelSE method [Almendros et al., 2004] . This method uses array data to provide a precise estimate of the relative apparent slowness vectors of the events of the cluster with reference to the absolute apparent slowness vector of a master event. The innovation introduced by the RelSE method relies on the following. The time delay between the arrivals of a wavefront from an earthquake n to two array stations i, j is given by:
where Dr ij represents the position vector of the j station from the i station, and s n is the apparent slowness vector that characterizes the propagation of the wavefront. Classic array techniques are based on the comparison of the seismograms among the array stations. Several methodologies can be used, but in all cases they allow for the calculation of the delays Dt ij n and the estimate of the apparent slowness vector s n . The accuracy of the estimate depends on our ability to measure accurate time delays. But in many situations the delays cannot be determined precisely, since site effects may produce important waveform variations between the stations of the array.
[31] Let us suppose now that two earthquakes m, n are recorded at the same array. The difference of delays of the same phase at two stations i,j is given by:
where Ds mn = s n − s m is the difference between the apparent slowness vectors corresponding to the earthquakes. This difference of delays can be also written as:
where Dt i mn represents the delay between the arrival times of a phase of earthquake n and the same phase of earthquake m at station i of the array. Combining equations (2) and (3), we obtain the expression:
It may seem that this equation adds nothing to the problem, compared to equation (2). However, in the case of clusters of similar earthquakes recorded at a seismic array, the differences Dt i mn can be determined more accurately than the differences Dt ij n . In other words, we can calculate the delay between the arrivals of two earthquakes to the same station more precisely than the delay between the arrivals of a single earthquake to two array stations. This is a consequence of the improved waveform similarity observed among multiplet earthquakes [see, e.g., Almendros et al., 2004, Figure 14] .
[32] The RelSE method uses equation (4) to determine precisely the relative apparent slowness vector for earthquakes with similar waveforms recorded by a seismic array. We define a function that represents the inverse of the least squares misfit between the measure Dt j mn − Dt i mn and a plane wavefront. The best estimate of the relative slowness vector is obtained by maximizing this function.
[33] We apply the RelSE method to the P wave for the selected earthquakes. The parameters we use are based on the results of the tests described by Almendros et al. [2004] . We also performed several tests to search for the optimum parameters for our analysis. We filtered the data in the 4- 12 Hz band using a two-pole, zero-phase Butterworth filter. These parameters represent a compromise between the needs to reduce undesired noise and to minimize waveform distortion. The duration of the analysis window is 0.2 s (40 samples). This ensures that we use at least 2-3 periods of the signal. Larger windows involve the analysis of larger portions of the P wave coda, which do not necessarily comply with our hypotheses and generally reduce the level of waveform similarity. In contrast, smaller windows create instability in the slowness vector estimates. The analysis window was shifted along the seismogram, sliding 5 ms (1 sample) each step. We started with a window centered at 60 samples before the P wave arrival, and analyzed 61 consecutive windows. Almendros et al. [2004] estimated the relative apparent slowness vectors using the window with the minimum misfit. We used a weighted average of the results corresponding to windows around the P wave arrival with low residuals (below 5 ms). This approach improves the stability of the final estimate.
[34] In this way, we calculated relative apparent slowness vectors for the P wave arrivals of 124 of the 150 earthquakes contained in 14 of the 17 clusters selected. The remaining earthquakes (including three full clusters) did not produce residuals below 5 ms, and were ruled out. The estimates of the absolute apparent slowness vectors were obtained by adding the absolute apparent slowness vector of the corresponding master event.
Precise Spatial Locations
[35] The application of the methodology described above provides estimates of the apparent slowness vectors for the earthquakes of each cluster. These estimates are highly accurate in a relative sense; that is, the differences between the vectors are precisely known thanks to the RelSE technique. Their absolute values, however, are based on the initial estimates of the apparent slowness vectors of the master event performed with the ZLCC method.
[36] The apparent slowness vectors provide the apparent slownesses and propagation azimuths of the P waves. We need the S-P delays to enable us to apply a ray-tracing procedure and locate the hypocenters. In order to measure the S-P delays with higher accuracy, we again used a rela- tive approach. We performed spline interpolations of the cross-correlation functions between the earthquakes and their corresponding master event for the P and S wave arrivals. This technique makes use of the enhanced waveform similarity observed within the VT earthquake clusters, and reduces the uncertainty of the visual picking on the seismograms.
[37] The spatial locations of the hypocenters were obtained from the apparent slowness vectors and S-P delays using a ray-tracing procedure on a 1-D model, as described above. Figure 7 shows the results for the 14 clusters selected. We can see four epicentral areas. The closer area is just 1-2 km away from the array, and contains most of the clusters we analyzed (1, 3, 5, 11, 13, 18, 29, and 31) . Another area is located opposite Punta Murature and contains three clusters (6, 21, and 25). The remaining areas contain just one cluster: number 14, located in the W side of the epicentral region; and number 4, located at about 3 km to the N. Most clusters fall within a narrow depth range of between 1.2 and 2.0 km. Only cluster 14 is deeper and lies between 2.8 and 3.2 km.
Plane Fitting
[38] The accuracy of the relative locations enabled us to address the shape of the hypocenter distributions. For most of the clusters, the distributions had a predominantly planar component. They were somewhat elongated in depth, due to the larger sizes of the uncertainty regions, but in general they defined a plane. We used a least squares approach to calculate the parameters of the plane that best fitted the distribution of the hypocenters. The quality of the fit was controlled by three parameters: (1) the misfit R, defined as the average misfit of the hypocenters to the best fit plane; (2) Q, the ratio of the average misfit R and the average distance of the projections of the hypocenters on the plane to the center of the distribution; and (3) the planarity P, defined as 1 -l 3 /l 2 , where l 2 > l 3 are the two smallest eigenvalues of the covariance matrix of the hypocenter distribution. Both Q and P are measures of the oblateness of the hypocenter distribution. An optimal fit should have low R, low Q, and high P. Figure 8 shows an example of the results obtained with this procedure for a sample cluster. [39] We were able to fit planes to the 14 selected clusters. In two cases (clusters 3 and 6) the method discriminated two spatially distinct subgroups of hypocenters within the cluster. The quality of the plane fit including all members of the cluster was very low. However, the plane fits to these subgroups provided better results (Figure 9 ). In fact, there were slight variations in the waveforms that were indiscernible to the cluster detection algorithm. We therefore decided to subdivide these clusters (3a, 3b; 6a, 6b) and obtained a total of 16 planes.
[40] Table 1 shows the results of the fit for all the clusters. Table 1 contains (1) the cluster ID, (2) the number of earthquakes in each cluster and the number of earthquakes used for the fit, (3) measures of the quality of the fit (misfit, Q, and planarity), and (4) the plane orientation (strike and dip) and the angle defined as the angle between the plane strike and the line joining the array center and the master event hypocenter. We defined the strike between 0 and 360°, and measured it in such a way that the dip angle was measured to the right and did not exceed 90°.
[41] Misfits range from 3 to 18 m. The distances on the plane between hypocenter projections are in the order of hundreds of meters, which gives us some idea of the planar shapes of the distributions. This can be also seen from the Q parameter and the planarity. Q is always small, under 17%. Most distributions have a high planarity above 0.75. This threshold is similar to the limit used in other works to define the significant range of planarity [e.g., Shearer et al., 2003] .
[42] Strike angles range from 119 to 322°N, although most planes are oriented NW-SE. Dip angles vary between 41 and 86°. Most of them are large, which suggests the presence of subvertical planes. Figure 10 shows histograms of the strike and dip angles from Table 1 , as well as Q and P. We also show horizontal projections of the strikes and a stereographic representation of the 16 planes. Figure 11 shows the locations and orientations of the planes found. Warm colors indicate high-quality fits (Animation S1).
1 The orientations of the planes with respect to the array (the angles ) range between 17 and 130°. Most fits are characterized by values different from 90°, which reveals that they are not planes perpendicular to the line array hypocenter.
8. Discussion
Validity of the Methodology
[43] Relative location methods are among the most commonly used seismological tools for investigating the precise spatial distribution of the earthquake hypocenters. This technique is often used when a sufficient number of earthquakes with similar waveforms have been recorded by a seismic network. In this case we are able to find clusters of earthquakes with similar source locations and mechanisms. Figure 9 . (left) Best fit plane for cluster 3, using all the earthquakes. (right) Best fit planes for clusters 3a and 3b, using two spatially distinct subgroups of earthquakes. a Columns give from left to right the cluster ID; the number of events contained in each cluster; the number of events for the plane used in the fit; misfit R of the relative locations to the best fitting plane; Q; planarity P; and strike, dip, and angles. [44] Seismic arrays are often used in volcanic regions. To obtain precise locations from array data, we start with the relative apparent slowness vector estimated method [Almendros et al., 2004] . This method allows the precise determination of the differences between the apparent slowness vectors among the members of a cluster. Using these differences, we have developed and applied a methodology to define fracture planes. It is based on ray tracing on a 1-D model and the fit of the distribution of hypocenters to a plane. The results provide information on the geometry of the faults implied in the earthquake generation, although they do not address the dynamics of the rupture process.
[45] The seismic series we analyze took place at Deception Island during the austral summer of 1998-1999. VT waveforms were repetitive, which allowed us to search for earthquake clusters. The correlation thresholds used to evaluate the similarity of P and S waveforms were high (∼0.9). With these restrictive thresholds we ensured that the earthquakes within a cluster were very similar, so guaranteeing the efficiency of the RelSE method [Almendros et al., 2004] . However, we obtained relatively few events per cluster. Only 17 of the 48 clusters contained 5 or more earthquakes.
[46] We obtained fracture planes for 14 clusters. For 12 of these clusters we obtained just one rupture plane, while the other 2 provided two planes each. This result emphasizes the sensitivity of the method, which was able to separate two subgroups of hypocenters spatially within the same cluster. There are small variations in the waveforms (see for example the amplitude of the S wave given by Almendros et al. [2004, Figure 10] ). These variations have virtually no impact on the cluster selection procedure, but produce different estimates of the relative apparent slowness vectors. This feature has also been observed in the case of relative location methods that use seismic network data [e.g., Carmona et al., 2009] .
[47] The quality of the results is related to different factors that may affect the methodology. The most important factors are related to the quality of the spatial location of the hypocenters. These include (1) the effect of the velocity model used to represent the medium, (2) the uncertainty in the estimate of the apparent slowness vector of the master event, and (3) the choice of a master event within each cluster.
[48] We began by testing the effect of the velocity model in the geometry of the fracture planes calculated. We generated 100 velocity models using random variations of the three parameters A,B,C that define the model. These values were obtained from normal distributions centered at the values of the parameters in the original model. The standard deviations were fixed to 25% of the central values. For each of these models we calculated the precise relative locations and the best fit plane.
[49] Although the original velocity model changes significantly during the above process (Figure 12) , the geometry of the best fit plane is relatively stable. The parameters that define the plane remain similar to the parameters obtained in the original model. For example, Figure 12 shows the distributions of strike, dip, Q, and P obtained for cluster 5. The dispersion of the results is larger for the dip angle than for the strike. The depth of the hypocenters is more sensitive to the velocity variations in the model.
[50] We also tested the effect of the choice of Vp/Vs ratio. Again, we generated 100 velocity models with random variations of the Vp/Vs ratio. We used a normal distribution with mean of 1.73 and standard deviation of 10%. Although the absolute locations are slightly different, the results suggest that the Vp/Vs ratio has a very limited effect on the characteristics of the best fit planes (Figure 13) .
[51] The second factor that affects the results is the estimate of the absolute apparent slowness vector of the master event. We generated random distributions of azimuth and apparent slowness of the master event. We used normal distributions centered at the azimuth and apparent slowness obtained using the ZLCC method. The standard deviations were obtained from the size of the 90% uncertainty area on the apparent slowness plane. Figure 14 shows a summary of the results.
[52] For variations in the azimuth of the master event, we found a marked stability in the strike and dip of the planes. This result was anticipated, since a change in the propagation azimuth implies a rotation of the hypocenters around the array, without any change in their relative positions. In a laterally homogeneous model, a rotation does not modify the angle between the strike of the best fit plane and the line joining the array center and the master hypocenter. The dip angle is independent of the azimuth, while the variations in strike are related to the variations introduced in the absolute azimuth of the master event.
[53] The variations in the apparent slowness of the master event also produced a high stability in the strikes, but there was more dispersion in the dip angles. A change in the absolute slowness yielded a change in the depth of the hypocenters and therefore a change in the inclination of the Figure 11 . Three-dimensional view of the best fitting planes obtained for the 16 clusters. Planes are shown at the corresponding master events locations from two different perspectives. The color scale represents the quality of the fit, in terms of (top) Q and (bottom) planarity. Warm colors indicate high-quality fits. The black lines are projections of the plane strikes. The array position is shown by a triangle. Topography is represented with a contour interval of 50 m. best fit plane. However, the strike was stable, which suggests that the estimate is robust.
[54] Both for variations of the azimuth and the apparent slowness of the master event, the values Q and P defining the quality of the fits are similar to those obtained in the fit of the original hypocenter distributions. These results indicate that the hypocenter distributions maintain planar structures for variations of the absolute apparent slowness vectors of the master events within their uncertainties.
[55] The third factor is the selection of a master event. Almendros et al. [2004] demonstrated that the relative apparent slowness vectors are independent of the choice of master event. However, the absolute apparent slowness vectors of the cluster members (obtained by adding the absolute apparent slowness vector of the corresponding master event) do depend on the choice of master event. In our case, the differences are not significant, since the estimates of apparent slownesses and azimuths obtained with the ZLCC method for each cluster range within relatively narrow margins. For example, for cluster 5 the maximum difference of azimuths among cluster members is about 10°, and the maximum difference of slowness is about 0.05 s/km. These values are the same size as the 90% uncertainty regions associated with the ZLCC estimates. Therefore, the selection of a different master event is equivalent to an error in the estimate of the apparent slowness vector of the master event. And we have already tested that the solutions are stable.
[56] In any case, it is important to select events with a good signal-to-noise ratio and a large maximum average correlation with the ZLCC method. The absolute location of the master event should be as accurate as possible, since we use it to position the other cluster members and to interpret the relative positions of the different clusters selected.
[57] We calculate the angle to characterize the relative position of the best fit plane and the array. We observe that for some clusters the S-P delays are practically the same for all the cluster members. In this case, all earthquakes would be at the same distance from the array. The fit would yield a plane with = 90°regardless of the estimates of the relative apparent slowness vectors. In our results, there were five planes with angles between 80 and 100°that could be in that situation. But the fact that we found other orientations indicates that the relative locations obtained from the RelSE method are crucial to the definition of a plane. In any case, we performed a test to investigate the geometry and quality of a fit based on random locations. We generated hypocenter distributions based on random values of the relative apparent slowness vectors and S-P measures. We used normal distributions centered in the values of the master event, with standard deviations given by the maximum dispersion of the parameters within each cluster. Figure 15 shows the results obtained for two clusters. The cluster with a angle other than 90°does not show any agreement with the parameters derived from the random test. The cluster with a angle near 90°does show a strike perpendicular to the back azimuth of the master. However, the fits of the random hypocenters do not have the quality achieved by the real data. They show lower P and higher Q compared with our results for the cluster. Again, this demonstrates that a precise estimate of the relative apparent slowness vectors is essential for the characterization of the fracture planes.
Interpretation of the Results
[58] The final results of our fracture characterization procedure show that the majority of the planes have strikes in the 120-140°N direction (NW-SE). These trends coincide with some of the major fault systems in the island described by other authors. For example, Rey et al. [1995] presented three fault systems: 160-170°N right-lateral strike-slip faults, 45-60°N normal faults and 115-120°N normal faults in the SW of the island. Martí et al. [1996] also describes three fault systems that cross the island NE-SW, NW-SE and N-S. The most relevant seems to be the NE-SW system [Smellie, 1988] . González-Casado et al.
[1999] also set out three main systems of microfractures: NE-SW, E-W and NW-SE, with dips greater than 60°and related to the NW-SE extension of the Bransfield Strait. These same authors state that the faults with NW-SE direction are transfer faults from the NE-SW systems. Smellie and López-Martínez [2000] made a geomorphological map of Deception Island in which normal NW-SE faults appear in our study area. Paredes et al. [2006] presented a morphoalignment map that showed the directions of the fractures in the island. They summarized all the work to date and combined it with a morphometric analysis of the digital elevation model, to create a synthesis map of the traces of faults. The preferred directions were NE-SW, N-S and NNW-SSE.
[59] The predominant NW-SE direction found in our results coincides with some alignments reported by these authors. The directions of the other strikes are between 190 and 240°N, which also coincide with alignments described previously (NS and NE-SW). The dips of the planes, mostly subvertical, are consistent with the characteristics of the fault systems that are expected in an extensional area [González-Casado et al., 1999] .
[60] Both the distribution of the epicenters found by Ibáñez et al. [2003b] and our initial relocations shown in Figure 6 show two preferred alignments in directions NE-SW and ENE-WSW. These directions do not match the directions obtained from the geometry of the rupture planes of the series (Figure 10 ). The consequence is that the interpretation of epicentral maps in terms of fracture alignments can be severely biased, since we have no information about the real directions of rupture. The local tectonic regime can only be addressed using information on the source mechanisms, or at least with the definition of rupture planes using precise relative locations.
[61] We found 16 fracture planes in the Fumarole Bay area. We were unable to investigate other areas of the island, since all the selected families occur in this area. However, Ibáñez et al. [2003b] showed that the accumulation of epicenters in the vicinity of the array is an apparent effect due to the low magnitude of the events and the high attenuation of the medium under Port Foster [Vila et al., 1995; Martínez-Arévalo et al., 2003] . It is likely that there are distributions of similar fractures in the area N of Port Foster, where some of the more distant earthquakes in the series are located (Figure 2) .
[62] To some extent, one could interpret that the directions obtained from the planes are distributed parallel and perpendicular to the edge of the caldera in the Fumaroles area. This could suggest the presence of ring fracture systems related to the formation of a caldera collapse. However, the stability of the orientations of the planes (Figures 10 and 11 ) suggests a close relationship with the regional tectonics, as has been suggested by other authors [Martí et al., 1996; Rey et al., 1995; González-Casado et al., 1999] .
[63] The ruptures of the planes identified in our analyses could be a consequence of regional tectonics, volcanic activity, or a mixture of both. Ibáñez et al. [2003b] rule out the first two hypotheses, since they do not fit their results. These authors suggest that the most likely explanation for the origin of the series is the development of a magmatic intrusion that produced a change in the local stress field but did not reach the surface.
[64] Studies of deformation of Deception Island suggest that there are two main directions of deformation related to the regional tectonics and volcanic activity of Deception Island [Fernández Ros et al., 2007] . After the 1999 crisis there was a change in the movement of the island. It changed from an extension and elevation of the entire island to a compressive process of subsidence in the N and NW areas [Berrocoso et al., 2008] . The work of Caselli et al. [2004] on the geochemistry of gases in the Fumarole Bay area after the 1999 crisis shows an increased SO 2 flux. This increase appears to be related to the intrusion of dykes into surface layers. This resulted in the emergence of native sulfur deposits and iron sulfides in thin layers in the fumarolic system. These works highlight the relationship between Figure 15 . Results of the test on the reliability of those plane solutions that are perpendicular to the array hypocenter direction. Shown are histograms of strikes, dip angles, Q, and planarities for random variations of relative apparent slowness vectors and S-P times within limits obtained from clusters (left) 11 and (right) 29. The black lines indicate the values corresponding to our best fit plane. a volcanic reactivation and the emergence of swarms of VT earthquakes in 1999.
[65] What seems clear is that a reactivation of the magma chamber of Deception Island would trigger an imbalance in the area. This may be the cause of the 1999 series of VT earthquakes. Seismic tomography has imaged a shallow magma chamber at Deception Island volcano Ben-Zvi et al., 2009] . This chamber is situated at a depth of about 2-4 km under the inner bay of Deception, slightly shifted toward the W, elongated NW-SE direction. Deformation studies have situated the center of the superficial deformation produced after the 1999 crisis in the bay off Obsidianas Beach [Berrocoso et al., 2008] . Other studies had already suggested a possible resurgence of the Port Foster floor [Cooper et al., 1998 ] after the 1992 series. This area coincides with the position of the magma chamber established by seismic tomography studies. This fact indicates that the activation of the chamber was the origin of the series.
[66] The fault planes and their locations might be consistent with a trapdoor model. These near-vertical faults would form the opening of a trapdoor, with the hinge located along the E or NE coast of Port Foster. There is evidence for faulting along the NW and SW boundaries of the inferred magma body [Maestro et al., 2007; Barclay et al., 2009] and the fault strikes in Figure 10 might indicate high-angle faulting along the edge of an inflating magma chamber. However, the trapdoor hypothesis requires the absence of active fractures in the E or NE sector of Port Foster. Given the low magnitude of the earthquakes, we cannot exclude the (undetected) presence of fracture planes in this area.
[67] Seismic tomography also indicates low velocities to a depth of 2 km in the Fumarole Bay area, suggesting a highly fractured medium, which supports our results. The fractures involved in the series are situated in or within the limits of the magma chamber. This should be an area of hightemperature rocks, which should show a somewhat ductile behavior, thus preventing the occurrence of VT earthquakes. However, VT earthquakes are commonly found within lowvelocity bodies in volcanoes [Dawson et al., 1999; Waite and Moran, 2009] , which indicates that the medium is rigid enough to produce earthquakes. The vicinity of the magma chamber could explain why we detected VT activity and hybrid events (i.e., presence of fluids) in the same place. The presence of magmatic fluids would increase the pore pressure, resulting in an increase of the normal stress acting on the fault plane. This facilitates the rupture processes responsible of the VT earthquakes. In any case, the faults should be consistent with the framework of the regional tectonics affecting the volcanic evolution of Deception Island.
Conclusions
[68] We have developed a method to investigate the geometry of the fractures involved in a series of VT earthquakes recorded by a seismic array. The method exploits the similarity of the waveforms that appear in the seismic series to perform accurate estimates of the apparent slowness vector and the difference of S-P times. With these estimates, we obtain precise relative locations that indicate the orientation of the fracture.
[69] Although the method for characterization of fracture planes through relative locations using seismic networks is widespread, this is the first time that results of equivalent quality are achieved using data recorded by a seismic array. The sensitivity of the method is very high, to the extent that it is able to discern small differences in the waveforms within a family of earthquakes and separate the events spatially. In two cases this has enabled us to identify two fracture planes within the same family.
[70] To check the stability of our method for characterization of fractures we have carried out a series of tests. We have investigated the effect of the selection of the velocity model that is used to locate the earthquakes, the uncertainty in the estimation of the apparent slowness vector of the master event, and the choice of master event among the members of each cluster. The results show that the estimate of the strike is very robust in all cases, while the dip is more influenced by the characteristics of the model and the value of the apparent slowness of the master.
[71] The fracture planes obtained in this work reveal the presence of active faults in the Fumarole Bay area. The strikes clearly show that most of the planes have a NW-SE trend while a few run NE-SW. These strikes are coincident with fracturing directions listed in other works about the island. The dips are mostly subvertical, which is consistent with the existence of normal faults related to the extension of the Bransfield Basin. The geometry and position of these planes show that the 1999 series was influenced by regional tectonics, although the origin of the destabilization of the system is related to the reactivation of a shallow magma chamber.
[72] We have created an analysis tool that can be easily applied in those volcanoes where arrays are used. The method provides the basis to determine rupture planes of the VT events and obtain information on the local tectonic regime using only a seismic array. The simplicity of array logistics, easy maintenance, etc, compared to the deployment of a seismic network, and the equivalence of the quality of the results, means that the methodology should have successful applications in volcanic areas.
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